Summary We assessed the potential for countermeasures to lessen the loss of bone calcium during bed rest. Subjects ingested less calcium during bed rest, and with artificial gravity, they also absorbed less calcium. With exercise, they excreted less calcium. To retain bone during bed rest, calcium intake needs to be maintained.
Introduction
Recent advances have documented the ability of resistance exercise and consuming enough calories to counteract bone Electronic supplementary material The online version of this article (doi:10.1007/s00198-014-2754-x) contains supplementary material, which is available to authorized users. mineral density loss during space flight [1, 2] , but further questions remain. Resistance exercise protocols in space flight [1] or bed rest [3, 4] lead to increased bone remodeling, with increased bone formation along with the increase in bone resorption that is associated with weightlessness. Optimization of exercise and nutritional protocols may enhance these effects, and other potential countermeasures may be required for situations where these types of exercises are not available, due to space vehicle constraints, or simply in the event of equipment breakdown.
With respect to exercise, many types of regimens have been proposed and tested, including aerobic and resistance devices and combinations of these regimens [3] [4] [5] . From a nutritional perspective, dietary modifications have been proposed to mitigate bone loss [6] , including lowering sodium intake [7] , optimizing animal protein to potassium ratio [8] , and increasing intake of omega-3 fatty acids [9] . Protein and amino acid supplementation has long been advocated as a countermeasure to muscle loss during space flight, but results have been equivocal at best [10] and are continually confounded by the interrelationship of these supplements with energy provision alone. Furthermore, amino acid supplementation has been shown to exacerbate bone resorption in bed rest [11] , likely related to sulfur-containing amino acids and effects on acid-base balance [6, 8, 12] .
Another countermeasure that has been described both in fictional accounts of space exploration and in discussion of potential future missions is the use of artificial gravity (AG) [13] . Implementation of AG would include either rotation of the entire space vehicle or episodic treatment of individual crewmembers in a smaller centrifuge. A vast literature exists on studies of bone health in unit gravity on Earth, and a growing field of literature describes the effects of extended periods of microgravity [14, 15] , yet little is known about intermittent periods of gravity induced in subjects exposed to real or simulated weightlessness (such as bed rest).
In this paper, we report the results from two separate bed rest studies and evaluate the effects of exercise and artificial gravity countermeasures on calcium homeostasis and kinetics and on bone biochemical markers. The overall aim was to determine the ability of each countermeasure to mitigate the loss of calcium from bone in a ground-based analog of space flight.
Methods
The data reported here are from two larger studies of countermeasures for bone loss during bed rest: one study (AG) using artificial gravity and the other [exercise (EX)] using resistance exercise with timed amino acid supplementation. Other results from these studies have been published [16, 17] . Here, we report the tracer kinetic studies and bone marker data from the EX study.
Subjects

AG study
Fifteen healthy males participated in the study and were assigned to one of two groups: control (CON; n=7, mean age 27±2 years) and AG (n=8, 31±3 years). Subject characteristics and related data are shown in Table 1 .
EX study
Thirteen healthy males participated in the tracer kinetic study and were assigned to one of two groups: CON (n=3, aged 40±7 years) and EX (n=10, 42±8 years). The original study design was more balanced, but the calcium kinetic protocol reported here was a late addition, and all available data are reported herein. Subject demographics are shown in Table 1 .
Study design
AG study
Details of this study have been described elsewhere [16, 18, 19] . Briefly, the study consisted of a 12-day baseline period followed by a 21-day period of −6°head-down-tilt bed rest and a 7-day period of post-bed rest recovery (Fig. 1a) . During the bed rest period, all subjects were transported daily on a −6°h ead-down-tilt gurney to the centrifuge facility, where they were transferred to the centrifuge arm (at 6°head-down tilt). Bed rest (BR)+AG subjects received 1 h of centrifugation, whereas control subjects did not. Artificial gravity was produced by rotating the subjects on a centrifuge arm with a radius of 3.0 m. Energy intake was restricted (Table 1) during bed rest, to account for reduced energy expenditure, but was adjusted as needed to maintain body weight (to within±3 % of bed rest day 3 weight).
EX study
Details of this study have been published [17, 20] . The study consisted of a 9-day baseline period followed by a 28-day period of horizontal bed rest. This was followed by 14 days of post-bed rest recovery, but no kinetic data were collected during the recovery period (Fig. 1b) . Energy intake was restricted during bed rest (by an average of 8 % below estimated requirements, which are reduced during bed rest due to inactivity) to induce weight loss (Table 1) and to mimic some of the earlier observations from space flight [17] . All subjects received a supplement consisting of 15 g of essential amino acids plus 35 g sucrose, dissolved in 500 mL water daily during bed rest. This supplement added an additional 200 kcal/day to their energy intake. Three control subjects participated in the kinetic studies; they received the amino acid/sucrose supplement but did not exercise. Among the exercisers, some received the supplement 5 min before exercise, and some received the supplement 3 h after exercise. Given the small sample size and lack of differences between these treatments, for this study, all exercisers were combined into one group (n = 10 total). Subjects undertook supervised exercise sessions for 1 h/day, 6 days/week. Details of the exercise sessions have been described elsewhere [17] . Briefly, upper-and lower-body exercises (alternate days) were performed in the horizontal position using a modified Shuttle Accel machine (Contemporary Design, Glacier, WA), with resistance provided by elastic cords attached from the stationary frame to the sliding carriage.
Tracers and administration
Stable isotopes of Ca, as CaCO 3 (Trace Sciences International, Inc., Pilot Point, TX), were prepared and administered as described previously [21, 22] .
AG study
Stable isotopes of Ca were administered to each subject three times during the study (Fig. 1a) . For the baseline session (dose 1, 9 days before bed rest), 46 Ca (25 μg) was given orally, and 48 Ca (1 mg, as CaCl 2 , in a sterile isotonic solution) was injected intravenously. For the second tracer session (dose 2 on day 7 of bed rest), 46 Ca (75 μg) was given orally, and 44 Ca (6 mg, as CaCl 2 , in a sterile isotonic solution) was administered intravenously. For the third session (dose 3 on day 18 of bed rest), an 8-mg dose of 42 Ca was given orally. The oral doses were given with a 250-mg Ca carrier to approximate the load of Ca typically ingested in a meal.
EX study
The tracers administered were the same as in the AG study, but in the EX study, the times of administration were 9 days before bed rest and on days 12 and 26 of bed rest (Fig. 1b) .
Sampling
AG study
After tracer administration of dose 1, blood was sampled at 1, 5, and 12 h and at 1, 3, 5, and 9 days. After administration of dose 2, blood was sampled at 1, 5, and 12 h and at 1, 3, 5, and 7 days. After dose 3, blood was sampled at 1, 5, and 12 h and at 1, 3, 5, 7, and 11 days. Complete urine collections were made for 16 days after dose 1, for 11 days after dose 2, and for 11 days after dose 3. Complete fecal collections were made for 14, 9, and 10 days after each dose, respectively.
EX study
After tracer administration of dose 1, blood was sampled at 1, 3, and 9 h and at 1, 3, 5, 7, 9, and 13 days; after dose 2, it was sampled at 1, 3, and 9 h and at 1, 3, 5, 7, 9, and 11 days; and after dose 3, it was sampled at 1, 3, and 9 h and at 1 day. Complete urine collections were made after doses 1 and 2 for 14 days and after dose 3 for 2 days. Complete fecal collections were made for 5 days after doses 1 and 2, but no feces were collected after dose 3. Urine, serum, and fecal samples were analyzed for stable isotopes using thermal ionization mass spectrometry as described previously [23, 24] . Blood and urine biochemical markers of bone resorption, bone formation, and minerals were measured as previously described [16] .
Calcium kinetic analysis
Data were analyzed by compartmental modeling using the WinSAAM software [25] with a previously reported model (Fig. 2) consisting of three compartments and pathways representing Ca in the vascular space (compartment 1), extravascular space (compartment 2), and exchangeable bone Ca (compartment 3). Ca is lost from the central compartment when it is deposited into bone or excreted into urine or feces.
The model was fitted to the data by minimizing the deviations using the least squares regression procedure in WinSAAM. Fractional transfer, L(i,j) (which refers to transfer into compartment i from compartment j per unit time); compartment mass, M(i) (in mg); and rates of calcium transport, R(i,j) (mg per unit time), as the product of mass and the fractional transfer coefficient, were calculated from the model as described [26] . Fractional absorption was calculated as
Calculation of absorption was based on an oral tracer (administered with breakfast, which contained 6.25 mmol Ca) and on the total daily dietary intake (which contained 23-38 mmol Ca/day). The time change feature in WinSAAM was used to allow parameter values to change at the start and end of bed rest and to add tracer at the time of doses 2 and 3. For the model to fit the data during bed rest, it was necessary to allow some parameters of the model to differ from the baseline period. These parameters were absorption, L (1,8) ; urine excretion, L(6,1); endogenous excretion, L(10,1); and in some subjects, L(2,3). Rates of calcium absorption (V a ), fecal excretion (V F ), urinary excretion (V u ), endogenous excretion (V f ), bone deposition (V o+ ), bone resorption (V o− ), and bone balance (V o+ −V o− ) were calculated using the model (Fig. 2) .
Statistical analysis
Values are reported as mean ± SD. Differences between groups for the calcium kinetic variables were compared by Student's t test, and differences between treatments were compared with Student's paired t test. Differences were considered significant if P<0.05.
Data for urine and blood biochemical markers from the EX study, in their original form, were analyzed by repeated measures ANOVA, with time as the repeated factor and treatment as the grouping factor. When the main effect was found to be significant, a post hoc Bonferroni t test was performed to determine the difference from BR-2 (urine) or BR-9 (blood). Differences were considered significant if P<0.05. Statistical analyses were performed using SigmaPlot software version 12.0 (Systat Software, Inc., San Jose, CA).
Results
Calcium kinetics
In the AG study, there were no differences in kinetic parameters between control and AG groups during baseline, BR, or post-BR (data not shown), and effects of bed rest in each group were similar, although not always identical with respect to statistical significance. In the control group, during bed rest, a significant decrease in Ca intake and also in the rate of calcium absorption (V a ) and an increase in bone resorption (V o− ) occurred, but no significant change occurred in Ca balance (Fig. 3 , Online Resource 1). The same changes (lower Ca intake, lower Ca absorption, and higher bone resorption) were observed in the AG subjects during bed rest relative to pre-bed rest, but fractional absorption from the diet was also lower, and in these individuals, bone calcium balance decreased. The control subjects showed a similar trend for these two changes (in fractional absorption and bone calcium balance), but this did not reach statistical significance (Online Resource 1).
During recovery, the control subjects' calcium kinetic data did not differ from baseline except that both Ca intake and urinary excretion (V u ) were higher during recovery (Online Resource 1). In the AG group, in addition to the changes seen in controls, fractional absorption and total calcium absorbed from diet were lower, and fecal excretion and bone resorption were significantly higher than baseline (but were not different from the bed rest period). As a result, Ca balance during recovery was significantly lower than baseline in the AG group, although the control and AG groups had similar balance, about −7.5 mmol/day (Online Resource 1).
In the exercise study, there were no differences between control and EX in the pre-BR or BR periods (data not shown), but relative to baseline, during BR control, subjects had lower fractional absorption, increased bone resorption, and lower Ca balance (Fig. 3 , Online Resource 2). The EX subjects had lower Ca intake during bed rest relative to baseline, decreased Ca absorption, increased urinary calcium excretion, decreased endogenous excretion, and increased bone resorption. No change occurred in calcium balance during bed rest, although bone deposition tended to increase (P<0.058) (Fig. 3, Online Resource 2) . Fractional absorption estimated during late bed rest (day 26) for controls (0.220±0.016) and EX subjects (0.274±0.090) did not differ between groups or from baseline or day 12 of BR within each group (data not shown). Similar to the AG study, bone calcium balance during bed rest was similar in these groups as well, about −7 mmol/day (−300 mg/day) (Fig. 3 , Online Resource 2).
Biochemical analyses
Biochemical data from the AG study have been previously reported [16] but are shown in Fig. 4 for comparison. In general, markers of bone resorption increased during BR, but there was no difference between controls and AG subjects (Fig. 4) [16] . In the EX study, markers of bone resorption, deoxypyridinoline (DPD) and helical peptide, increased in both controls and EX subjects during bed rest (Online Resource 3). N-telopeptide (NTX) increased in the controls, but not in the EX group (P<0.001). Urinary calcium increased in both groups by bed rest day 5 and remained elevated for the duration of bed rest but returned to baseline 10 days after reambulation (Online Resource 3).
Although 25-hydroxy vitamin D was not different between groups, 1,25-dihydroxy vitamin D decreased during bed rest in both groups (Online Resource 4, P<0.01). Bone-specific alkaline phosphatase was unchanged during bed rest but increased in both groups after bed rest (P<0.001) (Fig. 4 , Online Resource 4). Insulin-like growth factor 1 (IGF-1) was elevated in both groups during bed rest but returned to baseline during recovery (P<0.001) (Online Resource 4).
Discussion
The calcium tracer kinetic technique provides a valuable insight into bone and calcium metabolism in these types of studies. It is intriguing that bone calcium balance, perhaps the most critical aspect of these data, proves to be remarkably consistent across studies. In the two bed rest studies here, we report group mean calcium balances of −7.1, −7.1, −6.4, and −6.0 mmol/day during bed rest. Our earlier calcium kinetic studies from six astronauts during space flight documented an average calcium balance of −5.9 mmol/day (−236 mg/day) [21] .
During bed rest, we observed that the control and AG subjects had similar changes in calcium kinetics. Furthermore, in the AG group, during recovery, calcium absorption remained lower and urinary Ca excretion higher, bone resorption was elevated, and Ca balance was significantly lower relative to paired baseline data, whereas in controls, these values had returned to pre-bed rest levels. This suggests a delay in return to pre-bed rest calcium metabolism, and AG in effect imposed a higher calcium requirement on the BR subjects that was not met by dietary Ca intakes of 1,200-1,500 mg/day, thus resulting in accelerated bone loss relative to the controls. These kinetic differences evident between the AG and control groups were not detected using urinary markers of bone resorption, indicating that these biomarkers are likely not as sensitive as the kinetic/modeling approach, despite their relative ease of data collection and analysis. The nature and cause of this effect are unknown, but the effect highlights the need to monitor physiological changes not only during bed rest (or space flight) but also after. In the exercise study, calcium balance decreased in the controls during bed rest, and similar trends occurred in the EX group. Calcium balance in the EX group seemed to be slightly better than that in controls, in part because of decreased endogenous fecal Ca excretion. These results suggest that exercise triggered a homeostatic response to maintain calcium balance. As has been seen in other bed rest and space flight studies, the EX group tended to increase their rate of bone Ca deposition [1, 3, 4] . Supportive of the kinetic data, which revealed increased bone resorption in both groups, two of the three measured urinary collagen cross-link markers were significantly increased in both groups during bed rest. The third, N-telopeptide, was elevated in controls by bed rest day 19 and remained elevated throughout bed rest but did not change in the EX group. Bone formation markers were equivocal, with the bone-specific alkaline phosphatase (BSAP) response not being significantly different between groups, and so were osteocalcin and IGF-1. These data, as in the AG study, suggest that the systemic markers are likely not as sensitive as the kinetic measurements.
Bed rest studies are a key step in the evaluation of countermeasures to the negative effects of space flight. Although such studies are difficult to design, implement, and fund, they provide critical information from a space flight analog about the potential effectiveness of countermeasures before they are tested during actual space flight, where resources and logistics Fig. 4 Urinary N-telopeptide, serum bone-specific alkaline phosphatase (BSAP), and serum parathyroid hormone, before, during, and after bed rest. To simplify the figure, the x-axis time points were averaged into the groupings presented, but all statistical analyses were performed on the raw data that are presented in the online resources are even more restricting. We report here the results of two such studies, to evaluate physical countermeasures designed to stimulate bone formation and to counteract disuse-induced bone loss. On Earth, exposed to unit gravity, muscle force and bone strain help to maintain bone mass, and in weightlessness, exposed to skeletal unloading, bone is lost with muscle. However, we have little knowledge of the extent to which gravity must be diminished to produce bone loss.
Limitations of the study A key limitation of the exercise study is the small sample size for the controls (n=3), and this small number likely prevented the detection of significant differences between groups. Although the main study was more balanced in design and size [17, 20] , the calcium kinetic protocol was a late addition, and all available data are reported herein. Additionally, although it would have been informative to evaluate the effects of the amino acid/carbohydrate supplement on calcium metabolism in detail, cost limitations would not allow the implementation of a fully balanced design. For similar reasons, the studies were conducted on male subjects only. Looking at sex differences under these specific conditions would be beneficial, although we have data documenting that there are no sex differences in bone loss or renal stone risk during flight [2] or bed rest (Smith et al., unpublished observations).
Both studies were designed to restrict energy intake during bed rest (to maintain body weight in the AG study and to mimic decreased intake in some astronauts in the exercise study). An unintended consequence was that calcium intake was also decreased during bed rest (by 14 % in the AG study and 11 % in the exercise study), possibly contributing to lower absorbed calcium. We conclude that during bed rest (or space flight), calcium intake needs to be maintained or even increased, when countermeasures such as exercise are implemented, to ensure the ability to maintain bone calcium. Insufficient calcium intake, regardless of gravitational field, is detrimental to bone health.
Summary and conclusions
Many factors affect bone metabolism, including in a broad sense gravity, nutrition, and exercise. From the data reported here and in earlier reports, it is clear that a loss of 0.25 g calcium per day while ingesting Ca intakes of 1,000-1,200 mg/day cannot be sustained over multi-year exploration missions and that effective countermeasures are required.
Recent studies have documented that adequate nutritional intake, including energy and vitamin D status, and a combination of aerobic and heavy resistance exercise can protect bone mineral density during 6-month space missions [1, 2] .
Although the exercise countermeasure reported here did not maintain bone density similar to what has been seen in space flight, we know of a few factors that may have influenced this. First, the bed rest subjects were energy-restricted and lost body mass as a result [17] . Energy restriction is known to have negative effects on bone metabolism [27] , and we maintain that this is a key element of the success of nutritional intake and exercise in protecting bone density on the ISS. Furthermore, the space flight studies compared two exercise devices: an interim resistance exercise device (iRED) and an advanced resistance exercise device (ARED). The device reported in this paper is based on elastic bands providing resistance, much like the iRED. The exercise in the present study failed to have an impact on bone formation, as evaluated with calcium kinetic or blood biochemical markers. Increased bone formation is a hallmark of successful exercise and bed rest/space flight studies, as we have observed on several occasions [1] [2] [3] [4] . Thus, the data presented here fit with and complement earlier research.
The studies reported here provide novel information about bone and calcium metabolism during bed rest, with two types of physical countermeasures. The kinetic study reported here provides key details of bone and calcium metabolism during bed rest while still highlighting the need for more research to optimize nutrition and exercise regimens to protect and preserve bone in situations of disuse, such as bed rest and space flight. Further research is required to address these questions.
